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disciplines. 

Documents  issued  in  this  series  of  Technical  Memorandums  are  published  by 
the  Institute  of  Science  and  Technology  in  order  to  disseminate  scientific  and  en¬ 
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Results  obtained  in  the  Infrared  Laboratory  in  July  1957  indicated  that  single-crystal 
tellurium  could  be  used  as  an  intrinsic  photo  conductive  detector  of  infrared  radiation.  It  was 
noted  [1]  that  single-crystal  tellurium  detectors  have  good  sensitivities  and  short  response 
times.  These  characteristics  make  them  suitable  for  use  in  two-color  infrared  scanning  sys¬ 
tems,  for  scanning  systems  which  use  matched  linear  arrays  of  detectors,  and  for  infrared  sen¬ 
sors  which  operate  under  conditions  of  high  atmospheric  attenuation. 


The  single  crystals  used  for  evaluation  were  small  prisms  with  hexagonal  cross  sections. 
These  crystals,  grown  by  sublimation,  were  1  min  to  4  mm  long  and  0.1  mm  to  L0  mm  wide. 

More  recent  work  in  this  laboratory  indicates  that  doping  the  tellurium  with  small  amounts 
of  certain  other  elements  (such  as  selenium,  sulphur  or  arsenic)  improves  the  sensitivity  and 
decreases  the  response  time  of  the  resulting  detector.  The  doping  was  accomplished  by  grow¬ 
ing  the  crystals  from  tellurium  vapor  in  an  atmosphere  of  selenium,  sulphur,  or  arsenic.  The 
resulting  crystals,  however,  have  a  tendency  to  be  nonuniform  in  their  impurity  concentration; 
there  may  be  an  impurity  gradient  within  a  given  crystal,  and  separate  crystals  would  have 
different  impurity  concentrations.  Moreover,  there  is  no  theoretical  explanation  available 
which  adequately  describes  the  vapor-phase  doping  phenomenon,  so  that  the  experiments  become 
time  consuming,  the  yield  is  low,  and  it  is  difficult  to  predetermine  the  amount  of  the  added 
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It  was  decided  that  a  more  satisfactory  method  for  producing  large  single  crystals  of  tellu¬ 
rium  was  needed.  The  process  of  pulling  a  single  crystal  from  the  melt  (the  Czochralski 
method  [2])  appeared  most  promising.  This  technique  had  been  used  successfully  in  the  Infra¬ 
red  Laboratory  for  the  preparation  of  single  crystals  of  such  materials  as  germanium,  antimony, 
sodium  chloride,  potassium  chloride,  and  indium  antimonide.  This  method  also  permits  the  addi¬ 
tion  to  the  growing  crystal  of  controlled  quantities  of  foreign  elements  that  may  modify  the  prop¬ 
erties  of  the  resulting  tellurium  detectors. 

Uniform  single  crystals  of  tellurium  17  mm  in  diameter  and  70  mm  long,  have  been  grown 

by  the  Czochralski  method  (see  Figure  1).  Resistivity  and  Hall  measurements  indicate  that 

14 

these  undoped  crystals  have  a  carrier  concentration  of  about  10  per  cubic  centimeter.  They 
are  free  from  microscopic  voids  or  "blowholes"  and  other  macroscopic  crystalline  imperfections. 


FIGURE  1.  CZOCHRALSKI -GROWN  TELLURIUM  CRYSTAL 

1.2.  PROPERTIES  OF  TELLURIUM 

The  crystal  structure  of  tellurium  consists  of  parallel  spiral  chains  of  tellurium  atoms 
terminating  at  the  corners  and  center  of  a  regular  hexagon.  The  primitive  unit  cell  contains 
three  adjacent  atoms  in  a  chain  so  that  the  end  projection  of  a  chain  is  an  equilateral  triangle. 
Adjacent  atoms  in  a  chain  are  all  spaced  2.86  A  from  center  to  center.  The  second  nearest 
neighbors  are  in  adjacent  chains  and  are  3.46  A  apart.  From  these  two  distances  we  expect  atoms 
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considered  a  hexagonal  material.  Hovw 
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mmetry  characteristic,  of  hexagona, 
g  from  the  threefold  screw  axis.  T 


to  a  spiral  rotate.  Tfhia  results  in  "mirror 
its  crystal,  structure,  one  expects  teliuriuu 


do  report 


the  fact  that  the  thermal  coefficient  ol  expansion. and  thermal  conductivity  are  litgi 


The  thermal  coefficient  of  expansion  is  negative  | 


to 'the  waxti;;1 


Table  1  gives  some  of  the  properties  of  tellurium  which  are  important  ,Jh(frjir| 


TABLE  I.  PROPERTIES  OF  TELLURIUM. 


Melting  point 

Boiling  point 

Vapor  pressure  at  ?25°K 

Latent  heat  of  fusion 

Molar  heat  capacity  (solid) 

Molar  heat  capacity  (liquid) 

Density 

Thermal  conductivity 
Atomic  weight. 

Volume  increase  on  melting 
Hardness  (moh) 


723°K 
1663°K 
0.24  mm  Hg 
4.2  kcal/mole 

4.46  +  0.00546T  cal/deg  per  mole 
9.0  cal/deg  per  mole 
6.26  g/cm3 

0.015  cal/cm  sec  deg  at  3Q0°K 
127,61  g/mole 
~2% 

~2.5 


(Smithells,  Colin,  Metals  Reference  Book,  Intersclmce  Publishers, 
Incorporated,  New  York,  IPlS) 


FIGURE  2.  STRUCTURE  OF  HEXAGONAL  TELLURIUM  [David 
Leslie  Waldorf,  Preparation  of  Tellurium  Single  Crystal,  MS 
Thesis,  Purdue  University,  January  1957) 
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HIGH-PURITY  TELLURIUM.  Provided  by  American 
Smelting  and  Refining  Company 
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<0,0001 

ND 

<0,0001 

ND 

ND 

ND 

ND 

<0.0001 

ND 

ND 

ND 

ND 

ND 

ND 

09,900%  by  difference 


(ND  indicates  "none  detected"  by  standard  spectrographlc 
methods) 


nm 


Indicates  none  detected) 


j,  AjkK  and  selenium  are  notnaiiBlrdeterftiiied 
trograpnieaily.  However,  Close  examination  Oh  Several  lines  in 
die  ate  s  these  nonmetalhcs  less  than  1  ppm.  Boropls  the  only 
element  of  the  group  listed  whose  intensity  came  near  being  a 
bright  as  1  ppm. 


Tellurium  Is  more  easily  oxidized  than  iron  and  more  difficult  to  oxidize  than  zinc.  The 
known  oxides  are  TeO,  TeO^  and  TeCy  TeO  and  TeO,,  decompose  readily  to  form  TeOg  and 
Te.  Tellurium  dioxide  is  quite  stable  and  forms  white  or  yellowish  crystals  which  float  on 


molten  tellurium  .  TeOg  decomposes  somewhat  at  about  450°C,  but  apparently  the  decomposi¬ 


tion  is  relatively  slow  below  500°C.  Simple  vacuum  distillation  is  not  effective  in  removing 
the  oxides,  since  they  decompose  at  the  melting  point  and  reform  upon  condensation.  Distilla¬ 
tion  In  a  hydrogen  atmosphere  is  somewhat  effective  in  removing  the  oxides,  Reduction  with 
hydrogen  is  not  simple  since  the  reaction  products  include  HgTe  along  with  traces  of  water. 
Separation  of  these  materials  is  difficult.  Most  of  the  oxides  may  be  removed  by  draining  molten 
tellurium  through  small  holes  in  a  carbon  or  quartz  crucible.  The  tellurium  Is  then  distilled  in 
a  hydrogen  atmosphere. 


After  the  oxides  have  been  removed,  toe  material  is  further  purified  by  vacuum  distillation. 
This  technique  is  very  effective  because  of  the  large  difference  of  the  vapor  pressure  of  tellu¬ 
rium  and  common  impurity  elements.  Our  apparatus  is  a  long  glass  tube  with  three  tempera¬ 
ture  zones.  The  molten  tellurium  (at  460°C)  is  at  one  end.  Tellurium  and  volatile  impurities 
vaporize,  and  the  tellurium  condenses  at  the  center  oi  the  tube  at  about  440°C.  The  volatile 
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melt  has  taken  place  with  three  observers  unable  to  see  any  nucleatlon. 

Weidel  [4]  reports  that  zone  refining  did  not  alter  the  conductivity  oi  tellurium.  Howeve. , 
Biakemore  etal.  [3]  have  reported  that  zone  refining  increases  the  carrier' lifetime. 

Shvartsenau  f  6|  reports  results  of  zone  refining  tellurium  with,  up  to  nine  passes  P('  the 
molten  zone.  He  reports  purity  greater  than  99.9999%.  Our  experience  Indicates  that  the  zone 
refining  of  tellurium  results  in  no  change  In  the  conductivity  and  that,,  because  of  the  high  vapor 
pressure  of  tellurium,  improvement  by  zone  refining  of  commercially  available  99.999%  pure 
tellurium  is  much  more  difficult  than  improvement  by  vacuum  distillation.  It  should  be  noted 
that  when  single  crystals  are  prepared  by  the  Czochralski  technique,  the  material  is  effectively 
zone  refined  to  the  extent  of  one  pass.  Since  the  distribution  coefficients  for  impurities  in  tellu 
rium  are  not  known,  we  do  not  know  to  what  extent  this  one  pass  can  benefit  the  material, 


CRYSTAL  GROWTH 

Single  crystals  of  tellurium  have  been  prepared  by  the  Czochralski  method  [4,  7,  8] ,  by  the 
Bridgman  technique  [9] ,  by  condensation  from  the  vapor  [I],  and  by  zone  melting  [10] ,  No  re¬ 
ports  on  crystal  growth  by  the  floating-zone  technique,  crystallization  from  solutions,  hydro- 
thermal  techniques,  or  electro-deposition  are  known. 


bottom  [1<J|  nas>  repuiieu  uic  ui  k - 

ex  tube  filled  with  tellurium  and  helium,  WS  suspended  in  molten  KNO^,  It  was  foi 
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We  have  prepared  single  crystals  by  slowly  codling  molten  tellurium  in  a  hydrogen  : 
phere.  Pure  material  was  placed  In  a  shallow  20-cni  quartz  crucible.  The  material  w 
heated  by  a  resistance  heater  until  melted  and  then  allowed  to  cool  slow lft. 
place  from,  the  top  down,  The  Ingot  'thus  formed  was  removed  and  broken.  .It  Was  fbdhd  IM: 
the  CifyStsTgratb'SMe  was  5  to  10  mm  on;  one  edge.  Some  triangular  priffttm ;wef:«f 
these  grains.  Several  crystals  with  perfect  cleavage  were  obtained.  These  prisms  were 
sequently  used  as  seeds  for  the  growth  of  larger  crystals  by  the  Adthod  (see'1 

Section' 3.6), 
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3.2.  BRIDGMAN  TECHNIQUE 

Caldwell  [9]  has  reported  growing  single  crystals  of  tellurium  by  lowering  a  tube  of  molten 
tellurium  through  a  temperature  gradient  in  such  a  way  that  solidification,  takes  place  from  the 
bottom  upward.  This,  basically,  is  the  vertical  Bridgman  technique.  It  was  found  that,  even  for 
tapered  tubes,  the  maximum  inside  diameter  for  single-crystal  growth  was  6  mm. 


We  have  observed  crystal  growth  during  zone  purification  In  what  is  essentially  a  horizon¬ 
tal  Bridgman  apparatus.  A  molten  zone  ts  passed  along  a  slender  boat  filled  with  tellurium. 
Crystals  are  usually  In  the  form  of  rods  several  cm  long  and  a  lew  mm  In  diameter.  No  attempt 
was  made  to  perfect  this  method. 


3.3,  VAPOR  GROWTH 

The  technique  used  by  the  Infrared  Laboratory  for  vapor  growth  of  tellurium  crystals  was 
used  by  Suita  [1]  during  vacuum  distillation  of  tellurium,  The  equipment  consists  of  a  Pyrex 
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black  deposit  oi  amorphous  tellurium  is  formed.  Adjacent  to  tne  amorpnous  material  is  a 
posit,  G,  of  tellurium  which  is  very  thin  and  gives  the  appearance  of  a  silvered  mirror,  Needle 
like  llSfpjljj  to  v®gtot>s  H1,  J,  and  K.  The  .qxjrttlls  |ti  •*  ^||| Ini 

edge  and  densely  packed  together,  the 'crystals'  to  regions  J  and,  K  are  not;«l«ielfp«l®«l.  W4 
are  much  longer  than  those  In  regions  1.  Region  L  is  a  portion  of  ib*  tobf  wlich '|s^t a. "im- 
peratore  above  the  melting  point  o|  tellurium  but  is  still  cooler  than  the  jolted  material  in  re¬ 
gion  M.  Liquid  drops  tlierefore  form  in  region  L. 

More  than  a  hundred  runs  have  been  performed  with  various  modification^  of  this  tech¬ 
nique.  Crystals  about  a  millimeter  in  diameter  and  a  centimeter  in  length  are  common,  The 
largest  crystal  produced  by  this  method  grew  along  the  wall  ol  the  tube  and  had  three  perfect 
faces  of  the  hexagonal  prism.  This  crystal  was  4.7  cm  long  and  7  mm  In  diameter, 

Crystals  usually  grow  in  the  shape  of  hexagonal  prisms  with  the  base  of  the  prism  attached 
to  the  wall  of  the  Pyrex  tube.  The  smaller  crystals  grow  perpendicular  to  the  wall  of  the  tube, 
and  the  larger  crystals  usually  grow  at  an  acute  angle  to  the  wall  toward  the  hot  section. 

The  larger  crystals  were  grown  in  a  closed  tube.  The  tube,  with  tellurium  in  it,  was  evac 
uated  to  about  It)"5  mm  of  Hg  and  then  filled  with  hydrogen  gas.  This  was  repeated  several 
times.  Finally,  hydrogen  was  admitted  and  the  tube  was  sealed  off.  The  effect  of  hydrogen  gas 
on  the  crystal' growth  was  investigated.  We  found  that,  with  our  apparatus,  the  largest  crystals 
were  obtained  with  an  initial  hydrogen  pressure  of  about  10  1  mm  of  Hg,  and  that  the  growth 
rate  slowed  down  as  the  hydrogen  pressure  increased.  The  effect  of  hydrogen  is  to  slow  down 
the  transport  of  tellurium  vapor  from  the  hot  section  to  toe  cool  section,  It  is  also  quite  prob¬ 
able  that  hydrogen  gas  transports  heat,  via  convection,  from  (lie  growing  crystal. 


Tip] 


gtons  t  and  K  (see  Figure  3 1  grew  at  the  rate  of  l  cm  per  day.  the  growth  rate, 
npt  uniform.  Nucleation  in  region  K  does  not  occur  (or  up  to  10  hours  Growth 


The  entire  Pyrex  tube  ts  gradually  pulled  out  of  the  heater  to  permit  continued  crystal 
iwth  in  region  K.  This  was  done  discontinuous^— l.e.,  approximately  2  mm  every  hour, 
entually  smaller  crystals  start  to  grow  around  the  base  of  the  larger  crystals.  Unless  the 
3 cess  is  modified,  therefore,  the  size  of  the  crystals  in  the  K  region  is  limited. 

As  the  tube  is  withdrawn,  the  liquid  drops  Ln  the  L  region  solidify  and  become  aucleation 
es  for  new  crystals.  These  crystals  may  Interfere  with  the  growth  of  larger  crystals  in  the 

region, 

Hollow  crystals  of  tellurium  have  been  grown  by  sublimation.  Figure  4  is  a  photo- 
.crograph  of  such  a  crystal  in  cross  section.  These  crystals  were  always  formed  in  a  re- 
m  where  the  temperature  gradient  in  the  substrate  wras  large, 

A  Pyrex  tube  25  mm  in  diameter  was  placed  to  a  tube  heater  one  foot  long  and  held  at  a 
mperature  of  G00°C.  The  tube  extended  six  inches  out  of  the  heater;  this  caused  a  large 
mperature  drop  near  the  point  where  the  tube  entered  the  heater.  Hollow  crystals  were 
rmed  by  sublimation  In  this  region  of  drastic  temperature  change.  The  crystals  were  usually 
the  shape  of  hexagonal  needles,  one  or  two  centimeters  In  length  and  from  0.1  to  3  mm  In 
ameter.  The  wall  thickness  was  always  small,  about  0.01  to  0.1  mm.  No  variation  in  wall 
ickness  was  observed  along,  the  length  of  the  crystals.  This  was  determined  by  breaking  the 
•yatals  at  several  potato  along  their  length. 
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FIGURE  4.  CROSS  SECTION  OF  HOLLOW  TELLURIUM  CRYSTALS 


Hollow  plates  1  mm  thick  by  3  mm  by  5  mm  were  also  grown  under  the  same  conditions 
as  were  the  needles.  All  hollow  crystals  grew  very  rapidly.  Needles  one  to  two  centimeters 
long  grew  in  three  hours  from  the  cool  base  toward  the  hot  section.  Growth  appeared  to  start 
on  a  solidified  liquid  drop  from  which  several  needles  would  then  grow  rapidly.  Platelets  would 
then  grow  radially  from  this  drop,  nucleating  on  the  needle  and  growing  perpendicular  to  it. 
Usually  one  face  of  the  plate  was  not  complete.  All  faces  of  the  hexagonal  needles  were  com¬ 
plete  except  for  some  of  the  crystals  larger  than  one  millimeter  in  diameter. 

Very  little  is  known  about  hollow  crystal  growth.  It  is  probable  that  the  crystal  nucleates 
at  a  screw  dislocation  site  on  the  solidified  liquid  drop.  Several  conditions  thought  to  encourage 
the  growth  of  hollow  crystals  are  present  during  the  growth  of  these  needles.  The  thermal 
conductivity  of  tellurium  is  greater  parallel  to  the  c  axis  than  perpendicular  to  it.  This  en¬ 
courages  the  crystal  to  grow  in  the  form  of  slender  needles  with  the  heat  flowing  down  the  c 
axis  to  the  cool  base.  A  large  temperature  difference  at  the  base  of  the  crystal  enhances  this 
effect. 

Screw  dislocations  have  been  used  to  explain  rapid  growth  of  crystals.  The  nature  of  growth 
via  a  screw  dislocation  is  compatible  with,  and  may  even  enhance,  hollow  crystal  growth.  Once 
any  concave  surface  was  formed  on  the  tip  of  growing  crystal,  tellurium  vapor  would  have  to 
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Fof  tellurium  vapor  surrounding  the  surface.  This  should  encourage  the  surface  to  grow  faster 
ta  me  Mk  aod  ***  th.  caacave  ho*  e,.„  <l«.per.  Oh*  «.  coflltu.  »  n*H  one 
should  observe  only  hollow  crystal  growth. 

This  last  argument  is  supported  by  the  incomplete  face*  on  the  larger  crystals.  It  1*  likely 
that  the  side  of  the  crystal  facing  the  vapor  source  would  gn>?  completely  'whereas  the  back  face 
would  be  shielded  from  the  vapor  source  and  therefore  would  not  grow  as  rapidly  as  the  front 


Figure  S  illustrates  another  apparatus  which  was  used  In  the  vapor  growth  cf  tellurium 
crystals,  the  upper  bulb  is  a  one-liter  flask.  Two  heaters  were  constructed,  so  that  tellurium 
could  be  vaporised  lb  the  lower  section  and  allowed  to  condense  within  the  bulb,':  '^"cbld 

>■  . <i>  !  '  ’  1  1  "  ,  i  "  11  r  i .  i  "j  ■ ,  ill' :  ■  iii  '■  .  !?  1  ' 1  '  W 

finger"  with  cool  air  Impinging  on  Its  tip  concentrates  the  growth  tn  a  small  area.  The  crystal 
growth  can  be  observed  through  a  small  port  tn  the  large  heater, 

The  apparatus  was  designed  to  allow  the  crystals  to  grow  toward  the  vapor  source  without 
wall  Interference.  The  crystal  growth  rate  may  be  varied  by  adjusting  the  temperature  and 
[low  rate  of  the  air  impinging  on  the  tip  of  the  cold  finger.  Eleven  runs  were  made  with  this 
apparatus;  needle  growth  was  never  observed  nor  were  hollow  crystals  formed.  However,  this 
may  be  because  no  runs  were  made  with  the  cold  finger  cooled  drastically. 

Growth  on  the  end  of  the  cold  finger  took  place  as  follows.  During  the  first  hour,  very 

small  crystals  were  formed.  At  low  cooling  rates,  these  crystals  continued  to  grow  with  the 

c  axis  parallel  to  the  walls  of  the  cold  finger.  At  the  same  time  crystals  start  to  form  in  Iso* 

g 

lated  spots  on  the  walls  ol  the  bulb.  Growth  is  slow  (about  1  mm  per  day). 

The  temperature  of  the  large  heater  may  be  increased  so  that  nucleation  will  not  occur  on 
the  walls  of  the  bulb,  An  increase  tn  the  air  flow  is  then  necessary  for  crystal  growth  cm  the 
cold  finger.  Under  these  conditions,  a  large  number  of  nuclei  appear  on  the  tip  of  the  cold 


finger:  a  solid  layer  then  forms,  from  which  larger  crystals  grow.  Crystals  3  mm  across 
and  5  mm  long  were  grown  in  two  days  under  these  conditions. 

None  of  the  vapor-grown  crystals  showed  signs  of  layer -type  growth,  and  the  faces  were 
always  planar.  Both  right-  and  left-handed  crystals  were  observed.  Branching  was  never  ob¬ 
served  except  for  the  platelets  described  earlier.  Work  on  this  technique  was  discontinued  in 
order  to  concentrate  on  the  growth  of  tellurium  crystals  from  the  melt 
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FIGURE  5.  VAPOR  GROWTH  APPARATUS 


Both  neei 

dies  and 

of  tellurium 


apparatus  (»«0  Section  3.6).  these  were  always 
hollow  Crystals  grown  In  the  tube  furnace, 


3.4.  RECRYSTALLIZATION 

An  evacuated  tube  containing  small  crystals  of  tellurium,  was  placed  in  a  tube  .furnace  at 
420°C,  This  tube  had  no  cool  sections.  After  one  week.,  the  tube  yu  cooled,  slowly  and  re¬ 
moved,  The  small  crystals  had  grown  together  and  wc  rys  tall  Izatlotr  had  taken  place.  The 
original  crystal  had  increased  in  size  from  an  average  of  1  mm  to  an  average  size  of  10  mm.  . 
Crystals  in  the  shape  of  hexagonal  prisms  started  to  grow  radially  from  the  surface,  All  of 
this  growth  had  taken  place  where  the  original  crystals  were  placed. 

It  seems  likely  that  some  of  the  mass  transport  had  takerplace  through  the  vapor  and 
that  sublimation  took  place  with  the  original  crystals  acting  a»  nuclei,  Some  recrystallizatlon 
had  probably  taken  place  also  by  self  diffusion  from  one  crystallite  to  the  other,  since  the 

3 

largest  crystals  were  over  100  mm  and  would  not  have  reached  this  size  without  encountering 
smaller  crystals  with  a  different  orientation  of  the  crystallographic  axis. 


3.5.  DENDRITIC  GROWTH 

Figure  6  is  a  photo-micrograph  of  tellurium  dendrites  obtained  by  seeding  a  subcooled.  melt 
and  then  rapidly  withdrawing  the  seed.  Figure  6  also  shows  dendrites  formed  by  allowing  the 
surface  of  a  molten  bath  of  tellurium  to  solidify  and  then  rapidly  withdrawing  the  entire  surface 
from  the  subcooled  melt.  It  can  be  seen  that  typical,  dendritic  growth  had  taken  place.  Dendrites 
grew  with  the  length  of  the  main  spine  parallel  to  the  c  axis.  Branching  took  place  from  the 
main  spine  at  120°  intervals;  this  is  characteristic  of  the  threefold  symmetry  of  tellurium. 
Sub-branching  also  took  place,  as  can  be  seen  in  the  figures.  These  dendrites  were  about  1  cm 
long,  and  the  spine  was  about  0.05  cm  in  diameter.  At;  the  tip  of  each  dendrite  is  a  triangular 
pyramid.  These  may  be  formed  from  a  small  drop  of  liquid  which  clings  to  the  dendrite  as  it 
breaks  the  surface  of  the  liquid.  No  attempt  was  made  to  grow  long  dendrites. 

Other  dendrites  were  grown  in  the  following  manner.  Tellurium  was  melted  in  a  50-cc 
Vycor  crucible.  The  surface  of  the  melt  and  the  walls  of  the  crucible  were  cooled  slowly  so 
that  the  entire  exterior  of  the  melt  solidified.  A  seed,  which  had  been  placed  in  contact  with  the 
top  surface  of  the  melt  before  solidification,  was  raised  until  the  entire  solid  shell  surrounding 
the  melt  was  withdrawn.  Liquid  tellurium  drained  through  small  holes  in  the  bottom  of  the  shell, 
which  was  then  carefully  broken.  The  crystals  shown  in  Figure  7  were  grown  In  this  manner, 
This  technique  is  similar  to  decantation,  except  that  the  shell  has  been  nucleated  with  a  single 
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crystal  seed.  The  growth  takes  place  in  the  form  of  three-dimensional  crystals  similar  to  the 
tips  of  the  previously  described  dendrites.  There  is  no  branching,  and  the  volume  of  each 
dendritic  spine  seems  to  indicate  that  the  growth  took  place  within  the  molten  material  before 
decantation. 


FIGURE  6.  TELLURIUM  DENDRITES 


FIGURE  7.  DENDRITIC  TELLURIUM  CRYSTAL  GROWTH 


the  molten  material  contained  in  a  suitable  crucible*  M  tte  temperature  Of  the  i 

blow  to  the.  melting  point  of  the  material,  a  solid -liquid  equilibrium  eatllb*  ttfltti . . 

tween  the  seed  and,  the  melt.  Energy  is  removed,  from  the'  solid- Him  Id  Interlace  and  material 
solidified  into  the  seed,.  The  seed  is  raised  slowly  and  the  solidified  material  may  form,  a 
single  crystal,  epitaxially  grown  from  the  seed. 
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FIGURE  8.  SCHEMATIC  OF  CZQCHRALSKI  CRYSTAL-PULLING  APPARATUS 


Figure  9  shows  the  equipment  used  in  this  laboratory  for  the  preparation  of  single  crystals 
by  the  Ciochralski  technique, 


The  container  has  an  OD  of  90  mm,  is  18  inches  long,  and  has  a  wall  thickness  of  2  mm. 
Either  Vycor  or  Pyre*  tubes  may  be  used,  For  growing  tellurium  crystals,  a  Pyrex  tube  with  a 
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FIGURE  9.  CZOCHRALSKI  CRYSTAL  GROWTH  APPARATUS 
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Several  types  of  seed  holders  are  used.  The  simplest  seed  holder  is  a  platinum  wi 
looped  around  the  seed.  A  Jacobs  phuck  is  also  used;  however,  this  type  of  holder  defoi.„= 
the  seed  It  was  found  that  it  a  long  seed  (usually  one  Inch  in  length)  Is  used,,  this  deformation 
does  pot  interfere  with  crystal  growth  or  crystal  perfection. 

Both  ends  of.  the  Pyrex  container  are  attached  with  epoxy  restn  to  water-cooled  steel  flanges 
fttjtel  cape  are  bolted  to  these  flanges.  "0”  ring  seals  between  the  cap  and  the  flange  proilde 
a  vacuum-tight  system.  The  pulling  rod  Is  guided  through  the  top  cap  by  a  modified  '"'O'1  ring 
seal,  the  steel  caps  and  flanges  are  chrome  plated. 


3.0.2.  TEMPERATURE  CONTROL.  The  melt  Is  rf  heated.  Power  Is  supplied  by  a  model 
0-0 -J  Eccq  rf  generator  rated  at  8  kva.  The  melt  temperature  is  controlled  by  a  Minneapolis - 
Honeywell  electronic  strip  chart  proportional  controller  ,[14j ,  An  iron -cone  tan  tan  thermocouple 
with  an  ice-water  reference  junction  is  used  as  the'  temperature-sensing1  device,  'This  thermo¬ 
couple  Is  Imbedded  tn  a  hole  drilled  to  the  carbon  crucible  (see  Figure  8) .  This  system  permits 
the  temperature  of  the  cartoon  crucible  to  be  controlled  to  eO,l°C.  Under  Ideal  coadftloM,  the 
temperature  fluctuations  are  held  to  iO.G3°C, 

In  order  to  grow  single  crystals  of  uniform  diameter,  It  was  found  that  the  temperature 
fluctuation®  must  be  less  than  ±0,1°C.  The  crystal  shown  in  Figure  1  was  grown  with 
temperature  fluctuations  of  less  than  ±O.05°C.  Abrupt  "steps"  on  a  crystal  are  the  result  of 
changes  by  the  operator.  II  the  operator  purposely  lowers  the  temperature  Q,2°C,  the  result 
is  an  abrupt  change  to  the  diameter  of  the  crystal.  Figure  10  shows  "steps"  on  several  crystals, 
which  were  caused  by  this  procedure. 
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FIGURE  10.  CZOCHRALSKI-GROWK  TELLURIUM  CRYSTALS 

The  liquid-solid  interface  during  outward  growth  is  convex  toward  the  liquid.  This  was 
determined  by  manually  withdrawing  the  crystal  from  the  melt  during  outward  g row! h . 

If  the  temperature  of  the  melt  is  increased  by  0.2°C.  the  crystal  will  decrease  in  diam¬ 
eter  or  lose  contact  with  the  melt.  Contact  with  the  melt  is  not  lost  immediately,  however. 
Instead,  the  solid-liquid  interface  is  raised  above  th;  melt  until  surface  tension  can  no  longer 
support  the  liquid  meniscus.  In  this  case,  the  interface  was  found  to  be  concave  toward  the 
liquid. 

The  shape  of  the  solid -liquid  interface  during  constant -diameter  growth  was  not  deter¬ 
mined.  For  most  of  the  crystals"grown  in  this  laboratory,  it  is  assumed  that  the  solid- liquid 
interface  was  continuously  changing  from  convex  to  concave. 
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3.6.3.  COOLING  GAS.  It  was  necessary  to  cool  the  surface  ol  the  growing  crystal  with 
hydrogen  gas.  Electrolytic  hydrogen  is  used  alter  being  purified  by  passing  the  gas  through 
a  "Deoxo"  catalytic  hydrogen  purifier,  then  a  25-mm  tube  four  feet  in  length,  filled  with  hot 
copper  filings,  and  finally,  a  liquid-nitrogen  cold  trap. 

Figure  8  shows  how  the  hydrogen  is  used  in  the  pulling  apparatus.  A  0.25-inch  OD  quartz 
tube  is  positioned  so  that  the  stream  of  hydrogen  is  directed  toward  the  solid-liquid  interface. 
Various  positions  were  used  to  grow  crystals.  The  best  arrangement  is  that  in  which  the  gas 
exit  is  about  0.25  inch  away  from  the  growing  crystal.  This  allows  the  gas  to  cool  the  center 
of  the  melt  during  the  seeding  operation.  The  top  of  the  crystal  is  being  cooled  during  the 
initial  outward  growth.  A  transition  takes  place  as  the  crystal  is  pulled  higher  than  the  gas 
tube  exit.  The  sides  of  the  crystal  are  cooled  after  it  is  about  C.25  inch  long. 

Various  types  of  gas  tube  were  used.  For  instance,  a  stainless  steel  tube  with  a  ring  on 
the  end  was  used.  This  tube  had  ten  small  holes  evenly  spaced  within  the  ring  so  that  the  cooling 
gas  was  more  evenly  distributed  around  the  growing  crystal.  Although  this  tube  worked  satis¬ 
factorily,  the  small  holes  had  a  tendency  to  plug  up  with  vapor -deposited  material.  Another 
system  used  two  separate  gas  flow  tubes,  one  about  1/8  inch  above  the  melt  and  the  other 
about  3  8  inch  above  the  melt.  The  lower  tube  was  used  during  the  initial  growth,  the  upper  one 
after  the  crystal  was  about  0.5  inch  in  length.  This  arrangement  provided  great  versatility  in 
the  operation  but  also  made  the  operation  more  complicated.  No  pronounced  advantages  of  this 
system  were  observed. 

A  precision  needle  valve  with  a  micrometer  adjustment  is  used  to  control  the  gas  flow  rate. 
A  calibrated  flow  gauge  is  used  to  observe  the  gas  flow  rate.  The  gas  flow  rate  was  about  one 
liter  per  minute,  but  both  higher  and  lower  flow  rates  could  be  tolerated  by  changing  the  melt 
temperature  or  the  ambient  heater  temperature. 

3.6.4.  SEED  ORIENTATION.  The  normal  pulling  direction  for  tellurium  is  along  the  c  axis. 
No  attempts  were  made  to  grow  crystals  in  other  directions.  The  seeds  were  regular  triangular 
prisms  which  were  cleaved  from  larger  boules.  The  Jacobs  chuck  seed  holder  and  the  natural 
cleavage  faces  provided  excellent  seed  orientation. 

It  was  found  that  misorientation  of  the  seed  by  more  than  1J  resulted  in  radially  asymmet¬ 
rical  single  crystals.  With  a  misoriented  seed,  one  face  of  the  crystal  would  grow  more  rapidly 
than  the  other  faces.  Eventually,  this  caused  unstable  growth  and  the  crystal  growth  process 
terminated. 


2G 


twenty  minutes. 

The  seed  t.s  slowly  raised  *nd  a  solid  "seed”  will  form.  The  extension  of  the  seed  is  usu¬ 
ally  much  smaller  than  the  original  seed.  The  best  results  are  obtained  when  this  extension  Is 

1  !■  . 

at  least  0.5  Inch  long. 

After  the  extension  has  been  grown,  the  melt  temperature1  is  lowered  and  the  lion  df  the 
single  crystal  boule  ts  formed.  In  most  of  our  runs,  all  variables  except  the  rtelt  temperature 
are  held  constant.  The  outward  growth  Is  therefore  dependent  on  the' rate  at  which  the  rati 
temperature  is  lowered. 

The  outward  growth  can  be  stopped  abruptly  by  increasing  the  melt  temperature.  The  crys¬ 
tal  will  then  stop  growing  outward.  If  the  temperature  is  too  high  the  crystal  diameter  will 
eventually  decrease.  Instead  of  increasing  the  melt  temperature  at  this  point,  and  therefore 
stopping  the  outward  growth,  the  crystal  can  be  allowed  to  come  to  a  "natural'"  'equilibrium 
diameter. 

In  either  case,  the  melt  temperature  must  be  adjusted  if  one  desires  a  crystal  with  a  constant 
diameter.  This  is  due  to  the  fact  that  the  level  of  the  melt  is  dropping  and  the  crystal  is  increas¬ 
ing  in  length  during  the  pulling  operation. 

3,6.5.  SEED-  ROTATION.  Small  temperature  gradients  in  the  melt,  and.  In  the  pulling; 
apparatus  cause  the  crystal  to  have  a  tendency  to  glow  toward  the  cooler  regions.  In  order  to 
encourage  symmetrical  growth,  the  seed,  the  crucible,  or  both  are  rotated.  In  our  apparatus 
only  the  seed  is  rotated. 
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faces.  Above  ten  rpfti  (tortotifct  'jtpewd  dSfttMkf  on.  Hie  <jr:jirflnta:i.  dita..imi,«>^r]i  edldi:^  <!|!lli4::it'r#|e)ilC4il, 
ground  the  crystal,  These  eddy  tMrtiite  cause  tb*  cryaWIacopt1  to  become  nori -planar  did 
distorted.  Usually,  a  single  eddy  is  formed  behind  each  of  the  six  leading  edges  o!  toe  routing 
crystal.  As  the  rotational  speed  is  increased,  the  fluid  flow  around  tie  crystal,  becomes  mere 
At  about  20  rpm,  the- eddies  no  longer  travel  with  toe  crystal. 


The  above  discussion,  is  far  a  i 


fj.Mitoh  dia.nh.eter  crifffialt,  f'dr  sraalldla»ii;ri:.tl:l*jii» 


Is,  laminar  flow  is  observed  tor  toe  rotational  speeds  available,  whereas  far  larger  diameter 
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ules,  the' transition  from  ifcfl'taar  to  turbulent  flow  around  the  grysu.1  occurs  at 

tional  speeds.  It  was  found  that  more  stable  growth  conditions  were  obtained!  when 
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tional  speed  was  low,  so  that  notates  were  present, 

As  the  length  of  the  crystal  increases,  the  diameter  will  slowly  decrease  mue; 
adjustment  is  made  in  the  operating  conditions.  It  was  found  that  by  decreasing  the  teds 
tore  of  the  melt  slowly,  a  crystal  with  uniform  diameter  could  be' produced/  The  teBfjn|ritu.lrtf. 
of  the  carbon  Crucible  was  decreased  in  a  stepwise  manner,  about  0.05°C  every  tigs!  mtadtes. 
This  was  at  the  discretion  of  toe  operator.  During  one  run,  the  temperature  was  'held  Conetint 
(±  0.03°C)  for  two  hours  with  only  a  1  mm  decrease  in  diameter  over  a.  one-inch  length,  Any 
change  In  other  parameters,  such  as  the  gas  (low  or  drafts  across:  the  pulling  apparatus,  can 
force  the  operator  to  vary  the  crucible  temperature  In  an  erratic  manner.  This  will  result  In 
a  crystal  with  abrupt  changes  In  the  diameter. 

The  crystal  growth  is  usually  terminated  by  Increasing'  the  temperature  of  the  melt  and  in¬ 
creasing  the  pulling  rate,  The  crystal  will  usually  decrease  In  diameter  slightly  and  then  break 
contact  with  the  melt.  A  small  drop  of  liquid  will  usually  cling  to  the  bottom  of  the  boule.  This 
can  result  in  the  crystal  being  deformed  in  the  region  around  the  droplet. 

In  order  to  eliminate  this,  many  of  the  crystals  were  slowly  "necked  down"  to  t  small  di¬ 
ameter  (usually  less  than  1/8  inch).  Then  a  small  crystal,  similar  to  the*  seed,  ns  grown 
before  breaking  contact  with,  the  melt.  The  small  drop  of  liquid  which  clings  to  tills  section,  will 
not.  deform  the  large  single-crystal  boule, 

3.6,7.  POLYCRYSTALLINE  GROWTH.  For  tellurium,  as.  well  as  other  materials.,  most 
polycrystalline  tales  are  the  result  of  either  an  impeded  seed  or  a  poor  weld  When  Initial 
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"Hll  in'”  and  a  hexagonal  boule  will  form.  THs  always  mulls  in  polycrystaillne  material.  The 
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tellurium. 
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Bi -crystals  of  tellurian  resulted  u.  Uie  following  «j,  .Small  etjnibUs  of  tellurium  form  h 
the  vapor  above  the  melt.  The  reflection  at  light  from  the  faces  oi  state  crystallites  may  &  ob¬ 
served  during  growth-  Most  of  these  crystallites  apparently  tall  hack  info  the  melt  ai.di  do  r.y. 

■■■  :1'  )  ''•[  '  ■  '!  '•  "!‘  •  '  '  !"  •'  ■.  1  '  •  ■  ......  •.  -  :  ,:V  '  ;  ti.'r 

interfere  with  growth.  Occasionally  a  crystallite  will  reach  the  .solid- liqd Id!  Interface  at  the 
clrcfcmtotthice  6!  the  Houle  and  attach  Itself' onto'  the  Crystal.  The  tattle  then  'bhijlitiipMsiai,  a  bf- 
crystal,  The  crys.tal.Ute  may  "grow  itself  out"  If  this  petti*  during  the  otitwinl  I'l’oWi  it  the 
Houle,  It,  was  standard  practice  to  discontinue  the  growth  of  any  Houle  1.n  ariilellj  t  fwrtaee  iblta- 
ish  occurred. 
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3.6,8,  REDIPPiNG,  A  boule  one  inch  la  length  and  0,1  inch  In  diameter  was  extracted 
from  the  melt.  The  boule  was  then  lowered  into  the  melt.  The  melt  temperature  was  Increased 
in  order  to  melt  about  1/8  of  an  inch  from,  the  length  of  the  boule.  The  temperature  was  again 
lowered  and  growth  was  continued  until  the  crystal  was  two  inches  in  length.  Tie  diameter  of 
the  boule  was  increased  about  1/16  inch  at  the  new  weld.  The  crystal,  was  cleaved  at  room 
temperature  (see  Section  4),  Perfect  cleavage  was  obtained  across  the  new  weld.  No  siga  of 
poly  cry  stall  ine  material  was  observed.  Various  etches  (see  Section  4}  did  not  reveal  the  re- 
weld  boundary. 


Several  other  attempts  were  made  to  establish  a  weld  on  a  large  diameter  crystal,  One 
boundary  revealed  small  bubbles,  in  another  crystal  a  large'  bubble  was  found  at- the  boundary. 
It  is  concluded  that  If  a  large  crystal  is  redipped,  the  boule  must  be  melted  back  and  held  at  a 
high  temperature  until  any  entrapped  gasses  are  eliminated  from  the  interface. 


3,6.9.  THE  EFFECT  OF  IMPURITIES  ON  GROWTH.  Single  crystals  of  tellurium  were  grown 
from  a  melt  containing  selenium  or  silver.  One  percent  by  weight  of  the  imparity  mu  introduced 
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p«r  bait;  It  was  noi  possible  to  grow  a  h  ingle  crystal  bwule  larger  than  <U5  inch  it  diameter 
With  wilrMura,  the  jboule  faced  became  very  planar  and  the  corner*  sharp,  The  growth  tern- 
perature  -was  higher  than  normal  even  though  (selenium  towns  the  melting  point  of  tellurium. 

The  (tingle  crystal*  with  selenium  as  w  Impurity,  were  darker  and  more  brittle  than  pore 

tellurium.  The  aUvernloped  crystals  cleaved  and  bad  the  same  appearance  as  pure  telli; . riant. 

Electrical  measurements  indicated  that  both,  selenium;  and  silver  bad.  been,  incorporated  Into 
the  tellurium  crystal. 
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FABRICATION 

Once  the  crystal  If  grown,  there  remains  the  rather  difficult  problem  of  preparing  a  samp 
far  uaf  in"  optical'  bif  ^ikdrlcal  measurements. 


.4,1,  SHAPING 

Slabs  may  be  extracted  from  a  teUurium  boule  by  cleaving  or  (racturing,  sawing,  etching, 
or  a  and  blasting. 

Tellurium  lias  perfect  cleavage  parallel  to  any  face  of  toe  hexagonal  prism.  The  material 
will  fracture  along  any  other  plane  parallel  to  the  e-axis.  Fracture  also  occurs  perpendicular 
to  the  c-axts,  No  other  cleavage  or  fracture  planes  have  been  found. 

Large  area  slabs  of  tellurium  2  mm  thick  have  been  cut  with  mechanical  saws.  Tellurium 
slabs  as  thin  as  1  mm  have  been  prepared  by  an  acid  string  saw  which  bad  a  platinum  string, 
CPi-A  was  used  as  the  acid.  Large  area  slabs  have  been  prepared  by  sand-blasting;  however, 
il  is  difficult  to  make  an  even  cut  over  a  large  area,  Ultrasonic  grinding  has  been  used  with 
poor  results.  The  sample  usually  splinters  along  cleavage  planes.  Once  a  slab  has  been  ex¬ 
tracted,  either  sand-blasting  or  etching  can  be  used  to  form  intricate  shapes, 

AU  of  the  mechanical  techniques  mentioned  above  Introduce  imperfections  into  the  crystal. 
11  is  therefore  desirable  that  etching  techniques  be  used  if  possible.  Cleaving  and  fracturing 
should  be  performed  at  low  temperatures. 


Alter  the  sample  In  shaped,,  it  is  desirable  to  remove  the 
tetturtan.  A  chemical  polish  consisting  of  one  part  chromic 


sulfuric  acid  may  also  be  used. 


q^UMMCES 

1„  o,  H.  Suits.,  "A  Stagle-CryMal  fWo«iiMl(ji.ctive  Ttltorinm  Wectot/"  Free, 

IMS,  1958,  VoL  3,  m 4  2,  to  103  f 

2,  ,1,  Caotltriieltlji  ""©ta  neues  Verfahreit  aiwr  Mestomg  tier  KrtirtaUJtoattoiisgesch' 
%iadlgkett  titer' Mrtalto/’jChMh:  Miji.,.  1917,  VoL  PI,  p.  219 

,1,  'jfci,  C*  Nomura,  ’"Optlcai.  AtifitiiLi.i1.ifc3ir 'Irt- Tdfl.lMrtitmnQ»''  Phys,  Rea1.  '.Letters,  I960,  VoL  5, 

p,  500 

4,  J,  Weidel,  ‘TTeUnr-EInkrtottlle  nach  dem  C zochralkki -Ve rf kti.ru, n , "  J ..  Mata rlo rn cti „ 

1954,  VoL  PA,  p,  597 

i,  }.i  8,  Blakemorie  c-t  aL,  "Some  Effects  Occurring  in  Dislocated  Tellurium,," 

J.  AppL  Phys.,  I960,  VoL  31,  p.  2226 

6.  N.  F.  Shvartsenau,  '‘Purification  of  Tellurium  by  the'  Zone  Melting  Method,” 

Soviet  Phys,,  Solid  State,  I960,  VoL  2,  p.  797 

7.  T,  J.  Davies,  "Growth  of  Tellurium  Single  Crystals  by  (he  Czodiralski  Method," 

J,  AppL  Phys.,  1957,  VoL  2B,  p.  1217 

8.  D.  L.  Waldorf,  MS:  Thesis,  Purdue  University,  1957 

9.  R,  S.  Caldwell  and  H,  Y.  Fan,  "Optical  Properties  of  Tellurium  and  Selenium,” 
Phys,  Rev.,  1959,  VoL  114,  No,  3,  p.  664 

10.  L,  C.  Lovell  eta!.,  "Dislocation  Etch  Pits  in  T  el  lu  r  iu  m , "  A  eta  Melallu  rgi  ca , 

1958,  VoL  6,  p.  716 

11.  H.  Von  Kronmuller  et  aL,  "Die  Wirkung  von  Fr  era  .Me  men  ten  und  War  metre - 
handltmg  auf  die  elektrischen  Eigenschaften  von  tachgeretaigtem  Tellur/' 

J,  Naturforsch,  1956,  VoL  11A.  p.  243 

12.  A.  Nussbaum,  “Electrical  Properties  of  Both  Tellurium  arid  Tellurium- 
Selenium  Alloys,"  Phys.  Rev.,  1954,  VoL  94,  p.  337 

13.  V.  E,  Bottom.,  PhD  Thesis,  Purdue  University,  1949 

14.  J.  V.  Metzger  and  W.  W.  O'Hara,  "New  Controls  for  Crystal  Growing,"1  In- 
stru  mentation,  1956,  VoL  9,  No.  5,  p.  17 


ji  . . . . .  i . Mjt . »>i  jki* 


Rlrt 

W  r«  _ 

M  41 

I1  lii  f  '*■; 

hPrii  |Ril  1  ft  Jl. , '  Jl  ■  jl||| 

ill 

llihiffll  L '  put  jiif ' 

fIJW  I, 

I  I 

will  1  1  11  111- ill 

SlilS 

Ini  iiila  IHwwIi'PlI  1 

ffO'Prmili 

far  !T 

1  .1- 4|P?! 

l  -  £ff«’W  f*l«r 


1  pjpp  Ifni, ',  MJrt 


ooM’Ciw  (if  rmmk*  *  awi>a»»wi 
,  OitwtlMwi  jW  W  Ar*r 
•'  WuMiiimtoii.1  p.  ft  nil# 

ATTItii  MnlMJ’BrrrttM  fiWUtn 


'*3Et  ,wl,",:;'11"' 

If4t  (jBWaMN|  iimlilj  MM  Cut*— * 

WtelMUKliiHIHir 

jUTlft  «•*-«' 


a.)  obi**,.  IHi'iiul)’  ail  !«M  «aV  far'  HUttVf  OftmAMt 

toptHnm »t  tM  amp,  wwm»n»  *K  a,  c. 

AtlH  i  HtmIh^OiimIuIHi  *«S  TnUam 

4  Ml  Mu,,  AMMMl  CftM  «f  (MB  hr  WfUMM* 

Dufartmni  *f  tit*’  Arm,  »«*.i<n»«  **.  ft  C* 

ATTN:.  CtM,  SjhMBi  DtafepaM  DMtfca 

$  C6mr*i,ni<ll,rf  G.i'Hiiiini.1,.  U.  A.  Art:^  !ffatltriniMlk:iii.  Ppmim® 
Tun:  MmummA,  (V*  ksntjOVXi 
ATT  ft  AtMBUBt 

*.T  CeatMrtHf  C«i*»r».I,  U,  ft  Arm  tlmtnaim  CMBead, 

Pori  MinaiMti,  ten  tnrnfWm 

ATTN;  AMUIX-CB 


Cfii'IIWiilllllilllltllliilllli!  llUiHll|IWi!|l‘iK,ll||:  llMipairtlillM' 

II.  ill,  ArmifWAHiwu.  CimuwiiiiiiII,  HUh  Man  Aranal 
Mi  K.toimi  Him* 

ATO:  AM«E*mi 


p,®.  Arm  Pin ■*•■«*. <**• 
VutMpki*  »,  ft  C- 

ATTN:  CltMl 


CMiiimnlliliiii  Often 
Hiirrjr  MmnMI  Iftawtol 

mm 

ATT*  a, .»»«> in 


«V*I  Krwtn,  ft.  ft  +r*lf 


OMRMAMl  OOTtrr,  O.  IS.  Araj  BlMMftW* 
IBMMtli  *  Cmltpnm  Utorifcrjr 
fort  Meuwatfe,  MwJurm  PTIW 

ATT*.  .IIIIM'ABT 


rmlinj  MtUftM*  *  Wifltf  BHMwft  *  Ow»fc»nM 

ftfl'fcMli  lTlir*l;lllllll 
HOT  ATTW;  fcltlipm  BMMm 
[Ml  ATTN1:  Ktmmtk  A.  AmI)M  BMMm 
.[Ml  ATT!!1:  ImMVHl 


PinmniUnt  ftmnl,  D.  ft  Arm  IMrmi  frorta*  CiMat 
Port  Hii, ik lam,  Aria*.  WJM 


ATT  ft  T**taB*l  UbriUT 


Ofl let  irf  IM  Burrctar,  Orfeen  A  EnfimterKi* 

TMluAeil  lArarjc  Dtptrtant  nf  Mtan 

WnultnupuTOTi  3:11,  0.  C, 


Outttor,  II-  ft  Arm  CMiftftton 

MtHWchli  f>i||lt»i*i'ipg  lataMWT 
I».  0.  Bn  DUB 
Urnr,  Mr*  ftwtHftlr* 


Dmctor,  Wmwn*  ■SjnntnU’  Eralntta  Cnm 
Room  1  M»,  TM  from*. 

AMiaSilrcKini  35,  JX  C. 


(I  •«»  Dmaor,  ft  ft  Arm  tmmm 

MaKt  ft  Dr . .  IMatmrj 

fort  Brtwn,  VirtMJi 

(«-«)  ATT.tt  Oil'll,  mutual  (MynuaM 
IA1-MI  A.HN'i  TrtMmJ  DimiiiiiiiimiiiiIL*  Cni'itiil.Hi'ir 


Co-in  madlDf  Ctftwai,  U-  5.  Amy  WhurJifl  Co-mimMiid 
Dc-pAitniMnlt  -of  Una-  Amy,  Wiiiiltoffitoini,  D.  €►  2M15 

ATTN:  ANCRD-D-E-E 


Ciy  nni.maiiiiidlimjiH;  lOiBUtani-r,,  ;IJl  11.  Armin'  WiM.wiiirdti.'iOiffiiiii*  IP'O-taititill 
Hon  CM,,  mnulw  JfcMtam 
MMusu  IfarlJi  Caiwfllliiiiai 

ATTN:  CM  linnfi:mrnnuajt].lif!jim.  PnctMW  Culltemi 


Ca'nuana.md  Lcmc  Cemerai,  U.  S..  Armiy  lifotii-rlitll  Cfl"mmiafl»dl 
Wawif-jinsitom,  D.  €•  WIS 
ATTN:  AlMCHD-RB-PE-I 


t,  So  Ar'affly  Co-mibam  DnwtoipiniiiHm  E^riMmonM  ChhwHiht 
I'miri  iCurdi,,  CnlLtarani. 


Armj  H  aa*  cih  arHiS  Eagifl'eiriag  C-onii-T 

Kansas  Sireel 

Nail  Ids,  Mau-anehnafiti 


ATTN:  Fin*  CPEC-DC 


ATTN:  Ts<bjaacaJ  Ubiraury 


towaa'ir.,  Munniuutn  ftiiipKiwnniij;  tailroiraiWi 
Aberdeen:  Pnartair  'GiiHianuitafJ 
AllWl'T'die^:!:,,  Iitaytenill 


4)o4T  Cbier,  V.  S,  Amy  tew  My  Aipfncy 
Arils  gttiri  Hall  9l  ail  ion 
Arltaigifim  13:,  ViLrgtnia 

ATTN:  Ttx-SunlcaJ  Consaliauii 
]U)  ATTN:  ACorS,  l^wtopwaal* 

[i  si  ATTN:  Deputy  Pmwdliiwt  -USA,SA  EwaxuS 
(46-4T)  ATTN:  ACotS.Gi 


COIMMIMitobll.  OUliltlBT 

Atediwi-iti.  FroTteg  •CniMuniiid,,  MuitfyltanHill 

ATTN-;  STEJUP-DS-TT 


CoBDHiiiiM:iiiiii.i:ii.r  11.  Hi..  Anmirjr  'Waiir  -Oci  llilsfi!' 
Cm  LbsB.Hr  BaitTinatiHi,,  P*mBi|l«HU 

ATTN1  llaliirinx'if 


Comm iAqi  Officer.  V..  S..  Arms' 

ComliMt  De-wiopnnw.tl  Conmannd! 

Air  OrftnM  Ag'Wicy.  r«ri  B'Us.s  U;,  Tb-mj 


C«uuc4uc  Ottwr ,  V.  ft.  kmj 

ComlbiHit  DmtosaMraUi  CMamamdi.  Mmiy  .Affn'imr-ii 

Fan  BnwmiJiSiic,,  SJeKitillai 


«-M  conandm Cton'il,  U.  ft  Arm Ortuwr  MiwUt 
RrdMcnr  AntDBE  Alalbiinta 

ATTN::  Tvcbaoetl  Loinraury 


CrraamAwt  'CimMinii-.r..  C..  ft.  Ar'.iimf 

Cnmabwlt  DimriafHmimtt  Camumainl,  Aniniiiir  Asiimiri 

FiDirt  ban,  Ri-miiiicflqr  401311 


'  I  iiiiu.ill.iil.lElJiJiiibi.il, u, liiuji..- 


■ffffew 


jit), 


11 


ilill 


i* 


wiirwif 


llltl! 


fft’llS 


MICHIGAN  DBfli 


"  i'i’!*  y>  if!1'1  #it'« 


n 


88 -M 


>1-83 


M-M 


OfiHiwiMi  amour,  s.  t,  a«wj 

PoituHnw.  tonwlkdmwto  CwimumiiC  AnfSori  Amok* 

im  mi.'nMiU 


Arm  ta trw«fi  ■ 


AMlolMt  (MmM,  V.  HI.  Arnif  Air  Mnur  Mm  I, 
toil  Allot,  Tnao 


CiKtiioumliuiil,  ft  ft  Artqr  tofliMHiir  Mart 
fort  arfmlr,  Vfcrtlolo 

AIT*  JEUM 


Dlftotor,  b(h)w  CtoM  IJmlbjMw  tli  toner 

MMfitt  jwt-tt 

fort  Bthoir,  virifloio 


PrroHoot,  U.  .8.  Armj  Wjutrji  Aotnl 
ton  Bnnttr,  Oorjta 


PftiWtM,  V,  ft  Artor  Art(H#rj  AotrO 
tort  BUI,  Oklaton) 


ProoMnt,  V.  I  Amir  Air  (MMot  Seoul 
ton  Allot,  two 


AiwoMort,  0,  A  Arunji'  Artillrm  Aooto 
tort  IMetar,  Aliiemii 


frtilW»ril,  V.  ft  Armj  AUtorn,  Eltotnoloi  Jirid  8(i«i»,' 
W*rlw«  Hoard 
fort  bragip  KortA  Coretl** 


Ootwowlla*  OBlwr,  11,  8.  Artur  tattIUtm*  MtttrM 
Dmtopwoiii  Ag*«sj 
tort  Ktrkblrt,  MirrlMd  Mt! 


CaitKim.ii,m21.«in  ONle*ir,  U,  ft,  Arimf  Cw.bail  Btoeltopwinit* 
CtnorruLriid,  Wr  LI  if «c<:  A|«e|!' 
tort  HtitaWrd,  Htrjrlud  19! It 


Dual  Baa  lading  OTtox,  12,  8, 
P,  0,  Am  MS 
Miiwritaln  VI**,  Cstlitornli. 


Anar  liltctnuiitc  AaiMrdl  Urul 


AT'TN;  lltartroiUc  DeffrriM  LAbuntto>rl*,fl 


Cdlto,  Dtputr  Chief  of  toraji  Ogi«  reiki  w 
Mart  mi*  ef  tbo  Iforf,  nr  Pmugati 
Weihlngton  33,  D.  C. 


ATTS:  0J1-97T 


01  flea  of  Xarra.1  Brea  ox  oft,  DefJBTLmefjl  of  tltie  I'Aotry 
IWi  18  CMOtlmtiM  A'i'hiijo,  IN,1  A', 

Wiohkffo#  IS,  It,  C, 


fit 


ItMill 


'Oilllul,  IktriMill  filill#* 

of  «o  Aotrjr,  »,  ft  c, 

"iW  ArwiiCMAiiTH;: 1 

m  Atm  am#  #t» 

Aim  Mo  :)(#*■' 


Aorooo  Of  UBftl  Wotpw* 

Boportntoo  fid  ttt  lto)p'lliWHa|i**  *.  0>  C 

Ami;  jrroM 


MMM 


WrtrtWp  U.  it,  Kml  llMiwct  Jofewtoorr 

**iiliJiipi'i:i  IS,  ftc. 

Arm  Mr  Ml 


U* 


MorttfOn . .  11,  ft  11417  Miwoa  utoowon 

Ctiraw,  CtUmilo. 


ATM 


1M 


Ml 


Mil 


Monty 

I  Olltor  A  Hr  itlor 
01  ft  Atrjr  Hootmln  U/tmwan 
*00  Dlofo  SI,  C'liMlinili 

ATT*!  Mbruy 

CononwOor,  0,  if,  Moral  Mmmi  JMorattni 
HIM  Otft  tllM  t  Sprtit*,  IfaryloiMl 

ATTJOi  TooMmI  UAroff 

0,  ft  MMilh1  iCli«n»,„ltoliii*  Uliuipi,,  ICimlliiiliitiiiitii 


Arm.  mo  Mm,  mm  Inmumbm 

MUNMkOhBMaM 


1W.1I9  Muuwfor,  II.  t,  If  11  until  OrtMuM  Tool  Btitiia 
China  Lu.kmi’.,  CuU  iiilitinriniihut  !DilU'!li!li<!ll 


(1IIMHJ  ATTW:  'Cad*  TM 
{IWJ  AtTCi!:  Cmif  «« 


Hill 


C'Ditniiiiniukiflcr  to  CWii1^  H«iwllifMiiiriiiiir  ffllriiliHiig,l.ii:  li|i,ini‘  CQimumjHWHtl 
OJIHiuiM,  AiiT  IFo'inM!  'Burn,.  I'llHrbiruLnillirSi 


Aim  race 


m 


KriHaitteiimiti.H'r#,,  L'W  I1,  IDilriiiiC'tiiiiriiilii  null'  Qipiiiiraiil.iiiaiiii  imif«iiiafiit'MH!'il,iii 

w,iiieiiti,uiniwiiii  it’ll',,  h:k  c- 


ATTH'f:  A  f'OlRuSj! 


V.  Si,  Armjr  RcMurch  U».l»nn  CMite*,  MET-  LiaoiKin  Ulnwrator)1 
I>iixJ.r,i(j|1.Drti  73.,  Uii.MBidbauttft 


111 


LHiiipariaMmil  ol  tthi'lfiH'ituHi'U 
CttlwnM  liiH«'lJiii||iiititiBi 
nii'Mihtoii’twiiii,  Cl  C„  IMtll'lilll 

ATTN:  MUAF-1K 


1IM1I  HfrAtfcyim'ii#!*  1 Tactkiii  Air  Omtunnautiid 
Hjunitckj'  A  FB ,  'It1  irirULUH 


I!  Oil  I  ATTN: 
{mi  ATTN: 
■111  Ik  I  IT)  .ATTN 


me  '|Ci:i'imii:iitiiimi!ili.i::iiiii:, Mum  •  Sliheim  toil 
|QA  liftnm.H.  AmijLkji'Bilnill 


(93^  ATTN:  Ockr  463 
(64)  ATTN:  Cento  46] 

113i 

Fore-ipii  TNtaBdflfi1  CHtr  Mi:mii 
l’n^liiir,-P:aiGflH!i!,Bn:iuii  M%  Citato 

98-  Tha  Jf’j'drop*a#ilM!,r 

ATTN:  r»-»(JI|> 

U.  3.  Nary  H  ydrci|g:r ApMc  Offle*- 

Wi3hir.|ton  25,  D.  C. 

139 -HI 

3>,l!rt!‘i!i.ii.ti!  Dwui  waiLatimi  Cwiannmr 

ATTN:  Cento  1640 

Caw  min  ItiiiKliianii 

AbrAtoijiu,,  VlifiiiRito 

9  6  An  ion  lc  b.  Br  Kmch ,  JPunstootUe.l  D  Lrlatona 

ATTN-  THEM 

Director  at »  ol  Ftoitaurch,  D€W  BAT 

144 

BMdlijniiartaira,  CPCl.to  MrOHipiiw  MmdaiiUi.1  AttftMLirdli 

HtMlqiMrt*ri  USAF,  Tito  Pcittaffein 

UbEnr.HtoirbHi  IjatTPlT) 

WaaaMBagiiDiiii  2Sif  D.  C. 

Hi’  r  listilt  ••  1 'ail twr  wti;  A  !FBlt  OWd 

I#*;  AwMiMK 


l ii* im  jbitomiW %**«*«  im* Win 

(Mil  ArtMi1  Al'Atillimi 
<n» Aflrfu  'ajidOjUIwi.bI 
IH’M'II)  ATT  Mis  AMttMW 

1W- Ilia  Cmmmia,  gam  Jtti  Dtmkvmtu  C*uuh 
Ortfll**  AI0.  Mw  Vtm.rh.  IM« 


(MfJ  ATT* 
(IN)  AIT* 
(ISMS!)  ATT* 


MAID 

HAWK 

MUII) 


Ml  APOC  (PO  AH) 

ftjlM  Alt  hm  Bui,  IPtortin 

IM  Wnwlmri  Air  VaMwHtjr  UiiWirj 

liliiwiili  Air  nwet  IMiM,  AJidHItttt 

ATT*  AUtWH 


OM  Ha  liWifoi 


I  . ... 

. 

Ml  "to  tAngHf,  lillMM®  liiHiitidwiKiii'ilnlfii  I 

,  'tt»  *«[»'  )|iiMMil|l|jf  <  i; 

■  pw  iHiHirMUnfMA  iMw1  1 

.  I1, 

.Ill'TWl'Uliinriii 


m 


iti 


HI 


cm;,  U.  I|{,  Jl.ru  j'  AMM 

Itnuini  ftmurc*  llti  III: 

f.  ft,  Bllin:  *t$ 


CSiWn  II  I.  Ant)'  t*UWsil||||i„  Halt  tbMHnlilti 
H  0,  Item  Ml 

. . Mu::  oi  til  ttamMer,  'Cmillliiiiirniiliiii 

0,i  Wh.  JCml  VRiinittoigtir  ,  lilkr||priqt!Btlliiiiili'  Cjkmiliiiir 
mi  puflBriumill  Bmi 
tiitt#*  til,  C-  '  , 


I  Mi  Co  iuawiiitiiiwU'  of  Um  INmrlbe  Oftrffcn 
UmtiJiiiiiiisurtiBri,  U.  tti  Marin#  Corfu* 

Ww^i.UiiRitnq  £,  Ip:.  C. 

ATW?  Code  m 

XU  Dtr*a4orp  ItartM  Corps  ywitEig  Forme  Jkwbpwni:  Cewiter 
Marin#  Corp  B«M« 

StyiaMtlai',,  tflrf  lAla  .  ■ 

30M03  Cfl  nil  ml  Unit  sllilig;  wai  Apo  ej 
zm  Z  WBtmii  Wf  t, 

W.iiiiilibtiiniitrftiniiTii  ll,  0.  IT., 

ATT  Ns  OCR  Mud  II  Room 

302*1  02  Sc  leii  tiflic  &  Tecibn  Ic  ml  Wor  rait  tern  PHW  iOiJ.jr 
K  0,  Ik*  WOO 
BHiliMKHidim,,  M«r  irJ.ih.id 

ATTN:  JtASA  Beptewentatfii# 

364*105'  Nii-ttariik 5  Aar mmc I c *  m.n.tfl  SRM! t  Ad rn l.nJ alrattoiia 
IUU.n>uBid  Spane  Craft  Center 
Houston  1.,  Tea, mo 

ATTN:  Chief,,  Technical  IMormedion  DMsfccwii 

Ifi0  Cornell  AeronauiUcmi  Udweatoey ■  XrrtCtfporated 

ffsthlagion  Frajeds  Office 
It  It  LeeMwirg  PLfoe 
Fall#  Dwirch,  Virgin, la 

ATTN:  Technical  Lmtirarj 

101  The  HA®  Corporal wn 

1TQ0  Main  Street 
Santa  Monica,  CalMemaia 

ATTN:  Library 

1  fi'S  ft  e  search  Am  alyai  a  Co  rpo  rat  Ion 

MSS  ArJinciori  Jtoad 
Btcfcada,  Miry  toad 
WmahJriitiitiiti  Bl,  JX  C, 

A  TT  N :  Chit  C ,  Nee  mat  to  a  A  Centro  l  Sjeat  anas  D1  nawiin 

11 69 - 1  TO  Cornell!  AeroiurantcaJ  Laboratory,  Banc, 

445S  Genesee  Street 
Buffalo  21,  New  Yarte 

ATTN:  Xiferarlm.il, 

VIA:  Inspector  oil  Naval  Mater  ml 
lfli21  Mato  Street 
Buffalo  3,  He*  York. 


II 10  GrorrfMwd  Move  Latoapitel ,,  ttuilrwr'iwl  [i'1  iliill'  llUlilicitilub 
IH!nilfMial,,IIIll|.ki»Dil» 

ATTIHI;;  B-ilft]|r:Wifflii'J 

f  HA:.  ON  IH  JlHfrlulkaBt  IiietpiMniutwinlitlAlliiiie 
■IMS  llll,  GtooMni  AvMiS. 

VitnOt  Illll.iTitRp  l.iti 

ITT  tliTiwihiltur  Utoraitory.,  terlm 

. . .  Qamapvfrgfr  ©nlitruw  nl|:i:]r  off  CaiJJillnwitnllai 

lilpini  l.i<iiri!||titi-  SI  i  C  ailliliiiitiiiiiia, 

IH*  TwMGi.tW'  Ihane  D-iulirer.mtntii',1  EffMiirdlu  FlMlhttUiia 

1,914  BCjicuftitesair  Rwirntl 
C  oluintitea  II 2 ,,  Ciltmirj, 

ATTN:  fiwruniji  OCHke 

VIA:  CorauDiiacuikr,  W.rmgl!i!t.  iU,r  JShiveJiBiBHiiRiis  Enirasdioi 
W  r  Iglfcii:  ••  Panttirr  kici  A  UT  Ifil.,.  iDl.lir.i 

ATT  'M:  m%m 


311-1  fii  1  ,|l  et  Propis  limnnrii  LaJaur  aitorjr 

CaJMionaiai  i!;,«itiiii:miie  of  TKlDa4i(l> 

4m  OmA  Groce  IDeJme 
Caililnaiiy.m 

3.131  - 1 M  Co  an  maunirJii,r4  Omiiuoe  r ,  Pioaitwuitf  Ac  ssmal: 
Ewer,  Wow  itriny 

ATTN:  BMIIPA-WS 

3 1-4  *  L  fli;li  ESaltirlle  Me  anor  U1  lnjaiuxui  e 
IDS  Illjog  Aee'BiBe 
CoHumtnuiHi  3 ,  Qtuio 

ATTN.  RAC  DC 

VGA,  ARranctuS  leeeairollt  P’rojett:#  A|i:«ic:y 
WaateRtoB  la,  P„  C. 


Hi*  fflureaiw  oil  NaemJ  WeaiiponiiiH,,  JDeRartnmiR  at  :t:!t:e  Nerfc 
WaslainigtiMi  15,  D„  C„ 

ATTN:  Cxk  MWE-I 


3  IT  *  1 0:1  Aw.  nasiRure  C^uiwwtleii 
Foe-I  Omm  Bast  mm 
lints  AsigC'ks  45,,  CaHttoirn.ila 

ATTN:  Liibrary  'Tedliiniteal  Emoimieioitifi  Cirmcgi 


i  mmi 


